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Introduction
============

Removing an eye and thereby irreversibly destructing the sensory receptor surface (retina), imposes a considerable loss of sensory input along the visual pathway. The enucleation model in the juvenile and adult visual system has proven to be valuable in understanding the development, plasticity and function of different visual centers^1-4^. The molecular, cellular and physiological consequences of this sensory deprivation can provide insights into how normal development is regulated and how established cortical circuits cope and change their structure and function in response to such an extensive alteration in experience.

Different methods of visual deprivation exist and they all have their specific advantages in vision-related research. For example dark rearing specifically eliminates visually driven activity yet it does not affect the spontaneous retinal activity. Similarly, lid sutures or eye patches remove patterned visual input without disturbing spontaneous activity but they allow dispersed light penetration through the closed eyes. Those methods are reversible and have been shown to be valuable in understanding the role of patterned vision and low-level correlation of binocular inputs in sculpting cortical circuits during development^6-8^. In glaucoma research, the optic nerve crush model in adult animals has been widely used because it establishes a progressive loss of retinal ganglion cell inputs that constitute the optic nerve^9,10^. On the other hand, enucleation, where the eye and thus the retina is completely and instantly removed, is the appropriate choice of deprivation when the aim is to irreversibly remove both spontaneous and patterned vision at once. It also induces a robust intraocular activity imbalance which can enhance the signal to noise ratio in activity mapping studies^11,12^. Comparing functional and structural changes in response to enucleation with those after deprivation by less drastic methods such as lid suture for example, might also expose new insights into the role of spontaneous retinal activity in both homeostatic and synaptic types of plasticity.

Enucleation triggers a loss of trophic influences in direct retinal targets. For instance, BDNF levels are significantly downregulated in the lateral geniculate nucleus (LGN) and superior colliculus of adult enucleated rats^13^. Reactive oxygen species, which function as messenger molecules to mediate structural remodeling, were also detected in subcortical structures of the adult rat visual system^14^. Furthermore, microglial and astroglial activation across different subcortical visual target structures in the mouse occur in a specific post-enucleation time frame of one week^15^. Together, optic deafferentation results in different subcortical responses at the glial, structural and molecular level. Despite these subcortical effects, it does not necessarily implicate effects at the cortical level^16^. Noteworthy, cross-modal cortical plasticity, including modifications in other sensory areas next to the strengthening of non-visual inputs to the deprived visual cortex occur after both monocular (ME)^3,4,17,18^ and binocular (BE)^1,17^ enucleation.

Apart from contributing to visual neuroscience, enucleation as a type of deafferentation can be used to study the balance between neuroprotective^19^ and neurodegenerative^20-22^ properties of the central nervous system.

Different procedures to perform enucleation are already described in literature. Certain methodologies for *in vivo* ME in rats and mice are less straightforward due to unnecessary sectioning of orbital muscles and tissue^23-25^. Other publications such as Mahajan *et al.* (2011)^5^ provide a detailed protocol using blunt dissection for a high-throughput collection of eyes to study the genotype-phenotype correlations, likely post-mortem. For their purpose, the method is convenient and fast. However, this method is less suitable for *in vivo* enucleation when one opts to study the afferent visual pathway following enucleation (in live animals) rather than the eye itself. In such a setting, post-enucleation survival is of high importance. Also, minimal *in vivo* damage and preservation of the optic nerve and orbital tissue is favorable. Here, we present an alternative enucleation method, more similar to the one described by Faguet *et al.* (2008)^26^, that offers certain advantageous properties: it is associated with a swift post-operative recovery and is characterized by a very low learning threshold for researchers. In general, different methods are complementary depending on the focus of subsequent research: eye morphology or visual pathway research.

In sum, enucleation can be applied from vision research towards investigations of homeostatic and cross-modal brain plasticity, glial response properties, and axon stability. In this visualized article, we demonstrate a feasible and reliable method for *in vivo* eye enucleation in the mouse.

Protocol
========

All experiments were approved by the ethical research committee of KU Leuven and were in strict accordance with the European Communities Council Directive of 22 September 2010 (2010/63/EU) and with the Belgian legislation (KB of 29 May 2013). Every possible effort was made to minimize animal suffering and to reduce the number of animals.

1. Animal Treatment and Anesthetics
-----------------------------------

1.  Anesthetize the mouse with an intraperitoneal injection of a mixture of ketamine hydrochloride (75 mg/ml) and medetomidine hydrochloride (1 mg/kg) in saline.

2.  Check the reflexes by pinching the toes with a forceps to assure the mouse is completely sedated.

3.  Apply 70% ethanol to disinfect the eyelids and the region surrounding the eye using a cotton tip. Check the eyelid reflex to additionally assess the degree of sedation.

2. Removing the Eye
-------------------

1.  Make sure the animal resides on a flat, dry and smooth surface.

2.  Sterilize a forceps with a curved, serrated tip (preferred tip size: 0.5 x 0.4 mm).

3.  Gently press onto the canthus (corner of the eye) with the forceps until the eyeball is displaced from the socket and the optic nerve is reachable.

4.  Guide the forceps behind the eye. Press and hold the optic nerve firmly, preferably with the beginning of the curve and not the very tip of the forceps. This will help to lift the globe from the socket and to clamp the complete optic nerve.

5.  Make circular movements with the hand holding the forceps in the direction with the least resistance while the mouse remains on the flat surface. The mouse will swing along the surface according to the direction of the hand movement.

6.  Perform this action with gradually increasing speed until the optic nerve is constricted in two (usually between 7 to 15 circular movements, approximately a half to one full turn per second). Hence, the detached eyeball is removed.

3. Post-operative Care
----------------------

1.  In case of bleeding (rare), fill the orbit with a viscous coagulate and hemostatic agent.

2.  Reverse the anesthesia by injecting 1 mg/kg of atipamezol hydrochloride in saline intraperitoneally.

3.  Administer 1 mg/kg of Meloxicam intraperitoneally every 24 hr to relieve pain.

4.  Apply eye ointment to the remaining eye to prevent dehydration of the cornea.

5.  Let the animal recover on a heating plate or wrap the animal in insulating material in a separate cage to control body temperature.

6.  Measure the weight of the mouse each day for at least 2 days. Loss of weight can indicate suffering and in this case, continue Meloxicam treatment until the animal is fully recovered.

Representative Results
======================

**Figure 1** illustrates the successful removal of the eye using the described protocol and is characterized by the absence of bleeding or any apparent physical damage to the orbital tissue or eye socket (**Figures 1A, 1B**). Furthermore, the removed eye has a smooth cornea, choroid and optical disc, indicative for a completely intact globe (**Figure 1C**). Since our protocol encompasses the clamping of the optic nerve behind the eye and mechanical turning, the optic nerve of the removed eye is constricted at the base of the retina (**Figure 1D**). Performing the described procedure results in a clean-cut optic nerve without any damage to the surrounding brain area (**Figure 1E**).

Monocular enucleation, in combination with activity mapping (**Figure 2**), allows one to sharply delineate the functional or eye specific input regions in the contralateral visual cortex of the mouse^12,27^ or even ocular dominance columns in higher-order mammals like monkeys^28^.

In experiments with mice, the removal of one (ME) or both eyes (BE) combined with targeted visual stimulation and the detection of *zif268*mRNA or c-Fos protein expression levels was applied to uncover regional neuronal activation in the visual cortex^12,27^. In contrast to visually stimulated controls (**Figure 2A**), BE mice showed basal activity in the visual cortex due to complete lack of visual input (**Figure 2B**). As such, the borders between visual with non-visual cortex (*i.e*. somatosensory cortex at more anterior sections and auditory cortex in more posterior sections) were uncovered. Results from ME mice with a one-week survival time visualized the eye specific input regions in the contralateral visual cortex. The two monocularly driven regions were hypoactive and located medial and lateral of the central binocular zone (**Figure 2C**).

**Figure 1. Qualitative evaluation of the post-enucleation state of the eye socket, the removed eye and the optic nerve.** After removal of the eye with a curved forceps (**A**) no bleeding or damage is observed in the eye socket (**B**). The removed eye is completely intact as reflected by a normal appearance of the cornea and choroid (**C,D**). The optic nerve is constricted at the optic disc where it leaves the eye (D). Examination of the ventral part of the brain reveals a clean cut optic nerve (asterisk) and no apparent damage to other structures (**E**). Scale bars in C, D: 1 mm. Scale bar in E: 5 mm. A: anterior; L: left; P: posterior; R: right.

**Figure 2. Functional eye-input specific subdivisions in the mouse visual cortex as revealed by enucleation**. Black and gray lines that connect the eyes and cortex represent the crossing over of retinal afferents and the eye specific input regions. Neural activity is visualized on coronal sections of control (**A**), BE (**B**), and ME (**C**) mice by radioactive *in situ*hybridization (ISH) for *zif268*(gray scale) around Bregma level -3.40 mm. In control animals (A), the visual cortex in both hemispheres expresses high activity following visual stimulation. When one or both eye(s) are extirpated, a clear decrease in the activity signal is visible in corresponding deprived cortical regions. Monocularly enucleated (C) mice show a zone of high activity in the binocular zone of the visual cortex surrounded by a decreased signal in the monocular zones contralateral to the removed eye. Scale bar: 2 mm. Reprinted with permission from Van Brussel *et al*^12^.

Discussion
==========

To perform a successful enucleation according to our method, the most critical steps to consider are: 1) using a forceps with a curved and serrated tip of the appropriate size; 2) performing the enucleation on a smooth and dry surface; and 3) gradually speeding up the circular movements in the direction with the least friction.

For an effective outcome it is essential to use an appropriate forceps characterized by a curved and serrated tip (preferred tip size: mouse: 0.5 x 0.4 mm; rat: 2.15 x 1.3 mm). The curvature allows for an easy access to the optic nerve after eyeball displacement and is necessary for correct hand placement when performing the circular movements. Smooth tips are not recommended since they lack the necessary grip when holding the optic nerve. Failure to hold the optic nerve properly during the circular movements results in rupture of the ophthalmic artery, poor detachment of the eye and hence poor reproducibility. Therefore it is recommended to first practice this technique on euthanized animals for optimization of the forceps handling in order to guarantee maximal animal welfare once applying the method *in vivo*. Successful eye enucleation has recently also been performed in the rat in our lab using the same technique except for turning the animal body manually and keeping the forceps stationary.

One limitation of the technique is that it could possibly damage the retina. Therefore this method is less suitable for collecting retinas to perform histology^5^. Moreover, our method is limited to post eye opening ages since the eyeball needs to be displaced from the socket without removing or cutting the eyelids.

Eye enucleation in different species, including rodents, is routinely performed using alternative methods, which often entail the removal of the eyelids and cutting the optic nerve^18,23-25^. These methods tend to be more invasive and have a higher learning curve than the technique described here. Without the need for removing or suturing the eyelids, the post surgery recovery time is minimized, resulting in higher animal welfare and more reproducible results.
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